Introduction
Atrial fibrillation (AF), the most common cardiac arrhythmia, currently affects 1-2% of the population, and over the next several decades the prevalence of AF is expected to reach unprecedented levels as the population of developed countries ages. AF is associated with increased risk of stroke, cardiomyopathies as well as heart failure, and accounts for significant morbidity and mortality [1, 2] .
Several mechanisms of AF have been described. Now it is well recognized that both arrhythmogenic triggers and an appropriate substrate are required for the initiation and perpetuation of AF [3] [4] [5] . It has been suggested that action potential (AP) repolarization alternans that are observed to precede AF episodes, plays a major role in generation of proarrhythmic substrate and facilitates re-entry phenomena that ultimately lead to sustained AF [3, [6] [7] [8] [9] [10] [11] [12] [13] [14] . At the cellular level cardiac alternans is defined as cyclic, beat-to-beat alternations in contraction force, AP duration and intracellular Ca 2+ release at constant stimulation rate.
Most of our understanding of the mechanisms and the role of alternans stems from studies of ventricular tissue. While sharing many similarities, ventricular and atrial tissues bare distinct characteristics of excitation-contraction coupling (ECC) and intracellular Ca 2+ regulation which also suggests differences in alternans generation and regulation. This review focuses on the mechanisms of atrial alternans, its clinical relevance for the initiation of AF, and highlights differences between atrial and ventricular alternans.
alternans was also observed in isolated cardiomyocytes suggesting that the origin of this phenomenon resides at the cellular level. The strong spatial and temporal correlation between AP and Ca 2+ alternans at both whole heart and single cell levels is well established (Fig. 1 ), [17, 18] and it is generally agreed that the bi-directional relationship between cytosolic Ca 2+ concentration ([Ca ] i regulation is the predominant mechanism of alternans remains an ongoing matter of debate. Theoretical and computational studies have supported both hypotheses [19] [20] [21] [22] [23] [24] . However, due to the complex nature of the bi-directional coupling between V m dynamics and intracellular Ca 2+ handling and the many feedback pathways between the two parameters, the experimental distinction between effects of Ca 2+ and V m is difficult and therefore the mechanisms of alternans still remains incompletely understood, especially in atrial tissue. ] i coupling to alternans is well supported by computational studies [19, 21, [25] [26] [27] [28] [29] . Nolasco and Dahlen [25] suggested that at high stimulation rates beatto-beat V m alternation is determined by AP duration (APD) restitution and is an underlying cause for the development of alternans. APD restitution refers to the APD dependence on the preceding diastolic interval. The slope of the APD restitution curve is determined by the recovery of ion channels from inactivation and their dependence on V m . Computational [21, 25, 26, 28, 29] as well as several experimental studies [30, 31] have suggested that self-sustaining oscillations of APD can occur if this relationship is steep enough, and that the role of V m as a causative factor of alternans becomes more prominent with increasing pacing rates [28, 32] . However, simulation results still differ and remain dependent on the computational models applied, even if they are designed to recreate processes of the same tissue [33] . Contrary to computational results, numerous experimental studies could not confirm these theoretical findings and actually show a poor relationship between experimentally determined APD restitution kinetics and inducibility of alternans [34] [35] [36] [37] [38] . While it was shown that in ventricular myocytes AP kinetics affect sarcoplasmic reticulum (SR) Ca 2+ release [39, 40] ] i coupling modulates the occurrence of alternans is still lacking. Such discrepancy in theoretical and experimental findings can be explained, at least to some extent, by the fact that because of the slow recovery of ion channels and gradual change in intracellular ionic concentrations, cardiac myocytes exhibit a ''memory'' of the preceding stimulation conditions and thus APD is not determined solely by the preceding diastolic interval, and therefore constitute more complex APD dynamics than are simulated by most computational models (discussed in detail in [47, 48] ). Due to ''cell memory'' real cardiac tissue APD restitution curves depend greatly on the conditions under which they have been recorded such as basal pacing frequency and rate of APD adaptation to the change in pacing rate [34, 48] . Also, electrical restitution is determined by inactivation and recovery thereof of different ion channels (Na + , LCCs, slow rectifier K + channels and others), each of which has individual properties and kinetics and consequently experimentally measured restitution curves rarely follow a simple mathematical function [48] . Furthermore, APD restitution curves may also be poor predictors of alternans occurrence because AP morphology is strongly influenced by intracellular Ca 2+ dynamics [18, 49, 50] , and Ca 2+ alternans can be initiated Figure modified with permission from [17] . independently of V m alternans [17, 51] Fig. 2A ) [52] . This study also demonstrated that AP morphology affected Ca alternans by two mechanisms: (1) by determining SR Ca 2+ content (Fig. 2B) and (2) by regulating kinetics of L-type Ca 2+ current (Fig. 2C ) [52] .
V m as key mechanism for the development of alternans

Intracellular Ca 2+ cycling as an underlying mechanism of alternans
The inconsistent correlation between APD restitution properties and occurrence of alternans suggests that mechanisms other than V m play a major role for the development of cardiac 
Differences between atrial and ventricular alternans
To date, the mechanisms of alternans have been investigated primarily in ventricular tissue and to a much lesser extent in atria. While it can be anticipated that mechanisms of alternans in atrial and ventricular cells share similarities, recent experimental data point towards important differences. For example, we reported subtle differences in APD alternans in atrial and ventricular rabbit myocytes where atrial myocytes exhibited a higher degree of beat-to-beat alternation in APD and a higher pacing frequency threshold to induce alternans [17] . The atria have unique structural properties that affect development of atrial alternans. The atrium has a complex geometry and regional structural features, such as the atrial appendages, the pectinate muscle network and specialized tissues like the sinus node, the Bachmann's bundle and crista terminalis, as well as multiple orifices for veins, arteries, and valves, which play an important role in AF initiation and maintenance [69] . An important difference between ventricular and atrial myocytes is also encountered at the single cell level. Atrial cells lack or have only a poorly or irregularly developed transversal tubule (t-tubule) system (Fig. 4A ) [24, 70, 71] two cell types. For example, ventricle and atrium differ in activity of small-conductance Ca 2+ -activated K + (SK) channels [80, 81] , Ca 2+ -activated Cl À channels [82] , while acetylcholine-activated and ultrarapid rectifier K + channels are expressed exclusively in the atria [83] [84] [85] . Recently we demonstrated that Ca 2+ -activated Cl À channels play a major role in sustaining APD alternans in rabbit atrial cells [86] . Our data indicated that while these channels might be also important in ventricular alternans [87] , atrial myocytes exhibit a higher density of this current that could explain in part the significantly higher degree of beat-to-beat alternation in APD in atrial myocytes [17] . In addition, atrial tissue displays substantial regional heterogeneity in conduction velocity (CV) and AP morphology, ranging from a triangular shape with no sustained plateau to ventricular like APs [88] . This phenomenon results in significant regional differences in electrical restitution and local intrinsic differences in rate-adaptation [88] . Finally, under pathological conditions such as heart failure, ischemia or during the progression of AF, the electrophysiological and structural properties of the atrium become significantly remodeled. Remodeling includes changes in CV [89, 90] , AP morphology and heterogeneity, intracellular Ca 2+ signaling [91] , ion channel expression [92, 93] and fibrosis [94] . All these changes are considered to be key factors that contribute to the development of sustained atrial arrhythmias.
Clinical relevance of cardiac alternans
To this date the majority of clinical data that relates cardiac alternans and arrhythmias was obtained in ventricle. The beat-to-beat alternations in the time course of ventricular AP repolarization are reflected in the ECG as T-wave alternans (TWA). Even subtle TWA at microvolt levels (referred to as microvolt TWA) was demonstrated as a valuable prognostic tool for ventricular arrhythmia risk stratification [95] . The clinical use of atrial AP repolarization alternans as a diagnostic tool, however, is hindered by the fact that the atrial repolarization signal is masked in the conventional ECG recordings by the ventricular QRS complex and therefore the clinical exploitation of the relationship between atrial alternans and the development of atrial arrhythmias for risk assessment has been limited. However, recently progress has been made in several experimental [12, 90, 96] and clinical studies [7, 8, 11, 97, 98] using monophasic AP electrodes to monitor atrial repolarization alternans in vivo. These and other studies involving computer simulations [99] , animal models [12, 90, 96, 100] and studies in humans [7, 8, 11, 97, 98] have provided convincing evidence that AP alternans in atria may lead directly to AF (Fig. 6 ) or its transition from atrial flutter. In addition, newer clinical studies have demonstrated that atrial repolarization alternans, similarly to ventricular TWA, can be used to predict vulnerability to AF [11, 98] . For example, Narayan et al. [11] have demonstrated that APD alternans preceded AF episodes, while APD alternans was absent in subjects with no AF. Furthermore, in patients with persistent AF APD alternans was typically induced at relatively low pacing rates (100-120 bpm). In contrast, in control subjects alternans developed only at rapid pacing rates (>230 bpm) indicating that atrial repolarization alternans has potential as a prognostic tool to identify susceptibility to atrial arrhythmias. Similarly, Lalani et al. [98] established that AP alternans was larger and more prevalent in patients with persistent AF than in subjects with paroxysmal AF, while alternans was not observed in the control group. Taken together, evidence is accumulating that AP alternans in both ventricle and atrium precedes development of fibrillation, and thus, has prognostic value for arrhythmia prediction. The mechanisms linking AP alternans to ventricular arrhythmias involve the development of spatially discordant alternans [101] [102] [103] [104] . Usually AP alternans starts as concordant alternans, i.e. APD either prolongs or shortens simultaneously in all cells of a particular region of the ventricular myocardium. Concordant AP alternans itself may not exacerbate into fibrillation, i.e. its arrhythmogenic potential is relatively low. However, as development of alternans progresses, AP alternation can turn discordant where different regions of the heart alternate out-of-phase, i.e. in some regions APD is prolonged while during the same beat APD is shortened in other regions of the heart. Development of discordant alternans is believed to have major effects on the spatial organization of repolarization across the cardiac tissue and significantly contributes to arrhythmogenicity [101] [102] [103] [104] . This notion is supported experimentally by the demonstration that ventricular fibrillation is always preceded by discordant AP alternans [102] . Similarly to findings in ventricle, discordant alternans was also observed in atria and has been directly linked to the development of atrial fibrillation [7, 12, 96] . The underlying mechanisms for the formation of spatially discordant alternans remain uncertain and most likely are determined by the combination of factors that are discussed below.
Mechanisms of spatially discordant alternans
Several mechanisms for discordant alternans have been suggested that revolve around Ca 2+ cycling, cell-to-cell communication and electrical tissue properties.
Calcium cycling heterogeneity
As discussed above disturbances in intracellular Ca 2+ handling have been proposed as an underlying mechanism of alternans at the cellular level [17, 32, 50, 51, 53, 54, 75] . Spatial heterogeneities in electrical as well as Ca 2+ cycling properties of cardiac tissue between the endocardium and epicardium or between the base and apex of the heart are essential for maintaining normal function of the heart [105, 106] , including excitation spread and coordinated contractility. However, under pathological conditions, such heterogeneity in Ca 2+ cycling can lead to the development of spatially discordant Ca 2+ alternans.
Furthermore, since [Ca 2+ ] i dynamics feedback on ion conductances of myocytes and thus in turn affect APD, the heterogeneity in Ca 2+ handling contributes to spatial differences in AP morphology as well. Additional support for Ca
2+
-dependent development of discordant alternans comes from computational models, demonstrating that discordant APD alternans can be induced if [Ca 2+ ] i !V m coupling results in APD shortening [107] or, alternatively, by SR Ca 2+ accumulation during rapid pacing [108] . Furthermore, suppression of intracellular Ca 2+ release from SR by ryanodine significantly reduces development of spatially discordant alternans during tachypacing induced cardiomyopathy in transgenic rabbits with Long QT type-1 syndrome [49] . The aforementioned insights come from ventricular tissue, however experimental evidence that heterogeneity in Ca 2+ cycling underlies generation of discordant alternans also in atria is still lacking.
Insufficient cell-to-cell coupling
Cardiac myocytes are electrically coupled via gap junctions that allow the flow of ionic currents between cells. In the heart, different isoforms of gap junction forming proteins connexins exhibit regional expression. While in the ventricle electrical coupling between myocytes is achieved almost exclusively by connexin 43 (Cx43), in the atria three types of connexins are expressed -Cx40, Cx43 and Cx45 (with levels of Cx45 being very low). A strong coupling between myocytes results in wellcoordinated and relatively homogeneous repolarization of the cardiac tissue. However, in various pathological situations decreased gap junction expression and/or increased inhomogeneity of gap junction distribution in both ventricle and atrium occurs [109] . In humans with AF and in AF animal models altered expression and distribution of atrial Cx40 is well documented which can lead to dispersed conduction and thus formation of a substrate for atrial arrhythmias [93, 109] . Furthermore, pharmacological enhancement of intercellular coupling effectively suppressed development of discordant alternans, and decreased susceptibility to ventricular arrhythmias [101] and atrial fibrillation [110] . In addition to the changes in connexin expression, cell-to-cell coupling can be disrupted also by increased fibrosis of the tissue. While insufficient coupling between cells is likely to contribute to increased susceptibility to arrhythmias in remodeled myocardium, it can hardly explain development of discordant alternans in relatively healthy hearts with normal intercellular coupling. Also, it is noteworthy that cardiomyocytes have a large safety margin with respect to cell-to-cell coupling, i.e. the myocardium maintains near normal conduction velocities even when electrical coupling is significantly reduced [111] . Therefore, it is unlikely that moderate reduction in gap junction protein levels alone is sufficient for induction of cardiac arrhythmias. However, decreased intercellular coupling may amplify cell-tocell differences in AP morphology, conduction velocity and Ca
2+
cycling which in turn facilitates the development of spatially discordant alternans and arrhythmic events.
Conduction velocity and APD restitution
Computer modeling studies predict that impairment of CV or APD restitution can result in discordant alternans [22, 47] . CV restitution refers to the relationship between CV and the preceding diastolic interval. In cardiac tissue CV is determined by intercellular electric coupling and the activity and kinetics of Na + channels which drive the upstroke of cardiac APs. Under normal conditions recovery of Na + channels from inactivation is fast and thus slowing of CV is observed only at very fast beating rates, however slowing of CV was demonstrated in several pathological conditions including AF [89, 90] . Data addressing the relationship between CV and APD restitution heterogeneities and development of alternans in atria are scarce. Heterogeneous and slower CV together with prolongated and spatially dispersed APDs were demonstrated in atria of diabetic rats and these changes were associated with the increased inducibility of APD alternans and susceptibility to atrial tachyarrhythmias [112] . Also, the spatial dispersion of APD restitution was significantly increased in a canine vagally mediated AF model and in rapid pacing-induced AF [100] . Similarly, a greater spatial dispersion of APD restitution kinetics was reported in patients with chronic AF compared to patients with paroxysmal AF and control subjects [10] .
Conclusions
While numerous clinical and animal research data obtained in ventricular tissue have greatly contributed to the understanding of putative mechanisms of alternans and their relation to ventricular arrhythmias, alternans in atrial tissue remains much less investigated. The availability of clinical data on atrial alternans is hindered by the fact that measurements of atrial repolarization require invasive methods as atrial repolarization is masked by electrical activity of ventricles in the conventional ECGs. The available clinical data, however, suggest that alternans plays a vital role in AF. In this review we summarized the current knowledge about mechanisms of alternans and their relevance to arrhythmogenesis in atria.
